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Abstract 
The increasing demand for products made of carbon fiber reinforced plastics (CFRP) raises the risk of damages occurring during their use in a 
large variety and number. Depending on the type of damage, the product cannot be used any longer. CFRPs are characterized by high 
manufacturing costs and geometric individuality of the products, which limits the availability of replacement. From an economic and ecological 
point of view, several repair methods especially in the aerospace industry have been developed in the last years. The decision, which of these 
repair techniques has to be applied, depends on the extent of damage and different requirements of the product. Parts made of CFRP can often 
be repaired by manual removing of the damaged area followed by a re-lamination. This paper shows an actual approach to the CFRP-repair. 
Thereby influencing factors like the material removal, surface pretreatment and material composition will be discussed. By comparing the 
major factors, which lead to an increase of mechanical properties, suitable repair techniques could be defined. The optimum was found by 
experimental methods. 
© 2014 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of “9th CIRP ICME Conference". 
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1. Introduction 
In recent years, the global demand of carbon fiber has 
increased in all sectors [1], [2] because of the good ratio of 
weight to stiffness and the excellent mechanical properties of 
the material [3]. The more CFRP is in use, the more damages 
can occur [4]. But the repair of CFRP entails some challenges 
[5], [6], [7]. Damages are varying in damage size and depth. 
The best case would be a scratch on the surface of the part, 
which can be repaired by a filling operation. The worst case 
could be a damage, which affects every layer of the part. If so, 
the fibers which absorb the forces are divided and cannot be 
linked firmly by repairing operations. Nevertheless the fatigue 
strength of the components must be ensured. Due to this 
challenge and the geometric individuality of the products 
made of CFRP, economical and adaptable repair techniques 
are still missing [8]. Thus, a comparison of different repair 
techniques is necessary, which supports the decision for an 
economically efficient repair technique. Therefore different 
repair techniques are analyzed in this paper. 
2. State of the art and need for action 
Depending on the kind of damage and the range of 
application, several repair techniques are state of the art. In 
aerospace industries riveting an extra layer onto a damaged 
area is common practice. This procedure was deduced from 
the maintenance of metallic materials and was transferred to 
CFRP parts without specific adjustment to the new material 
(e.g. Boeing 787) [1], [4]. The use of so called “Doublers” in 
combination with rivets is well-established. A doubler is a 
metal (titan, aluminium) or pre-cured CFRP segment which is 
adhered to the affected location and secured with rivets. 
Rivets are also used for the repair of delamination. However, 
the use of riveting results in a weakening of the bond, because 
the fiber course through the material is broken by holes. This 
approach results in a residual strength of solely 60-65% [1], 
[9], [10]. 
Higher strength values can only be achieved by a 
reconstruction of the damaged area using structural repair 
methods. This method is an adhesive reconstruction. The 
matrix material of the newly applied layers acts as the 
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adhesive. First, the existing damage area of the material needs 
to be removed generously. A scarfed or stepped geometry is 
commonly used due to the minimization of the shear stresses 
which occur [11], [12]. Scarf or stepped removals are used 
when internal structural damages occur [1]. The damaged area 
is either manually grinded, mechanically milled or laser cut 
ply-by-ply. Both Boeing and Airbus use the method of wet-
lay-up repair. Here layers of resin and fiber fabric or pre-
cured prepregs orientated in reference to the original laminate 
are used [1], [4]. An advantage of this repair procedure is that 
the repaired area ends flush with the original laminate, which 
is desirable from both a visual and an aerodynamic point of 
view. 
In case of using riveted doublers, it is also possible to 
apply additional surface layers as an adhesive connection. 
These doublers are especially used for very thin laminates or 
complete fractures. As a result, components with adhesive 
doublers reach strengths close to those of the original 
component [13]. Additional layers are adhered to the defected 
side or with a fracture to both sides. These may be wet fabric 
mats, prepregs or a pre-cured CFRP laminate. In rare cases 
metal plates are used. If the defect is deep inside the material 
a structural repair can be used in combination with doublers. 
However, these methods are of limited use, since in addition 
to the high workload, a raise of the surface structure, as a 
result to the defect compensation, is inevitable [1], [12], [14]. 
The influence of different surface pretreatment methods is 
only mentioned to a small extent in publications. Mostly 
mechanical methods, such as grinding or blasting, are 
discussed. These are easy to handle and achieve the desired 
effect of an increase in adhesive strength between the new and 
original laminate quickly and cost-efficiently [8], [10], [14]. 
Physical activation methods promise excellent results as well, 
however, they are hardly used. Only few, such as Rider et al. 
[12] use plasma in order to improve the link to the original 
material. UV light and lasers provide another promising 
surface pretreatment method [13], [15]. 
Depending on the art of damages, different repair 
techniques are implemented. At best, the repair technique is 
adapted to the dimension of the damage [5]. Therefore, there 
is the need to analyze different repair techniques and their 
factors of influence on residual strength and stiffness. The 
material removal of the damaged area and subsequently the 
different surface properties are important factors. 
Furthermore, the influences of the repair technique, 
particularly the way of material composition, have to be 
considered. 
3.  Testing methodology 
3.1. Materials 
Quasi-isotropic plates [±30/±40/0] were manufactured 
using the graphite/epoxy unidirectional prepreg MTM49-3. 
The plates were cured in the hydraulic press at 10 bar and 
135°C for 70 minutes. The heating rate was defined with 
4°C/min. After manufacturing, the plates were tested by 
thermographic and ultrasonic scanning in order to ensure 
faultless samples. 
3.2. Material removal 
After the damaged area is defined, the material in this area 
has to be removed. The removal can be achieved in three 
different ways: manually by specialized personnel, 
mechanically by milling and physically by laser. The manual 
processing was done with an abrasive cloth. For milling the 5-
axis-CNC-mill “DMU 50eVolution Deckel Maho” and for 
material removal by laser the “CL50 CleanCELL” CO2-laser
with 1064 nm wavelength and 100 kHz pulse frequency was 
used. 
3.3. Joint design 
Two different joint designs were tested: stepped and 
scarfed configuration. For stepped geometry the damaged area 
was removed in layers with a step width of 7 mm. For deep 
damages the removal of more layers is necessary. As a result 
the size of the repaired area depends on the depth of the 
damage. For reducing shear stresses in the transition area, the 
ratio between the total thickness of the parent laminate and 
the length of the repair area is determined to 1:20 or more [1]. 
Furthermore, in order to optimize the shape of scarf joints 
numerical and experimental models using graded and conical 
geometry were tested. The variation of the scarf angle shows, 
that angles below 2° need an extremely large repair length, 
while with increasing scarf angles the stiffness decreases. For 
this reason a 2° scarf angle represents the optimum [11], [14]. 
3.4. Surface Pretreatment 
In order to enhance the bonding strength between the 
parent structure and the new repair material a surface 
pretreatment is advised [10], [12], [14]. For this paper 
different methods of surface preparation have been analyzed. 
For changing the mechanical properties of the surface some 
samples were sandblasted using 200 μm corundum as blasting 
medium. The blasting pressure was set to 3 bars for 2 seconds. 
Higher pressure and/or a longer blasting time result in a loss 
of strength caused by fiber destruction. For lower pressure no 
homogenous jet could be realized. These results have been 
obtained by experimental determination.  
In order to increase the adhesive forces between the parent 
structure and the new material in a physical manner, plasma 
pretreatment was implemented. Thereby the surface is 
chemically activated by the plasma.  
3.5. Repair
Finally, the material composition takes place. The simplest 
solution to replace the removed damaged material represents 
the filling with resin. For this method the epoxy resin 
“Araldite DBF HY 956” was used. There were no additional 
reinforcing elements like fibers added to the resin. 
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Fig. 1 Repair technique by epoxy resin 
The relamination with new prepreg patches represents a 
repair technique with higher quality. A ply-by-ply repair was 
used. The plies, which were placed into the rectangular 
pocket, consist of the same material and the same ply 
configuration as the parent composite. For increasing the bond 
strength an epoxy film adhesive called “Hysol EA 9686.03 
UNS” was placed between the parent structure and the first 
ply. The prepreg-patches, called soft-patches, and the film 
adhesive were cured to the parent structure at 10 bar and 
135°C for 70 minutes in the hydraulic press. 
Fig. 2 Repair technique “Soft-Patch” 
Additionally to the previous techniques, another repair 
technique, which delivers promising results, was tested. 
Therefore, a cured, CNC machined patch was generated. The 
patch had the negative contour of the stepped or scarfed 
cavity. The composite material and ply configuration of the 
hard-patch were identical with the parent structure. This hard-
patch was bonded into the cavity with the epoxy film adhesive 
“Hysol EA 9686.03 UNS” and cured at 10 bar and 135°C for 
70 minutes in the hydraulic press. 
Fig. 3  Repair technique “Hard-Patch” 
If no flush surface with the parent laminate is needed, an 
optional cover ply (doubler) can be applied to increase the 
strength and stiffness. To ensure a good bonding strength of 
the doubler on the parent structure, the surface was lightly 
sanded.
Fig. 4 Repair technique Doubler 
3.6. Testing procedure 
To assess the quality of the repair, tensile tests according to 
DIN EN ISO 527-4 were conducted. Samples were cut into 
250 mm x 25 mm specimens for testing. Testing was executed 
with a free patch length of 150 mm. At least five samples of 
each experiment had to be tested. By comparing the tensile 
strength and stiffness of the parent sample with the repaired 
samples the residual strength and residual stiffness could be 
sustained.  
4. Results 
4.1. Repair of CFRP – Material removal  
Following, the results of the experiments are discussed. 
Initially the influence of different material removal methods 
had to be tested (see Fig. 5). After material removal all 
samples were repaired with soft-patch-technique without an 
additional surface pretreatment. The differences in residual 
strength and stiffness result from the manual, physical or 
mechanical quality of removal and pretreatment. The manual 
material removal implicates the worst mechanical properties. 
This behavior is the consequence of an irregular manual tool 
guiding. Sharp edges and defined step depths could not be 
realized. Furthermore, the manual treatment had to be done 
with abrasive cloth, so a smooth surface was generated. The 
linkage between the parent structure and the new patches is 
limited. 
Better results could be expected by physical material 
removal. The chosen geometry could be realized with very 
high precision. In the process the laser activates loose fibers, 
so that a chemical adhesion occurs. Furthermore, a high 
roughness of the laser treated surface was measured, which 
indicates an additional mechanical linkage of the soft-patches 
to the parent material [15]. 
The best results were generated by mechanical material 
removal. The carbide milling head created a rough surface 
during material removal. Because there is linear correlation 
between roughness and adhesive strength, these samples have 
a high residual strength and stiffness [16]. The rough structure 
of the parent material can interact with the repair patches by 
mechanical bonding.  
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Fig. 5 Influence of material removal 
4.2.  Geometry of material removal 
Next, the geometric influence of material removal is 
inspected. For laminar damages the material removal was 
implemented with 7 mm step width over 8 plies or scarfed 
with a 2° scarf angle. If there is a complete breakthrough of 
the part, another solution is a vertical material removal. The 
stepped and scarfed samples were repaired by a ply-by-ply 
replacement with soft-patches. The samples with vertical 
breakthrough were repaired with two doublers (oriented in 
0°). 
Comparing the stepped, scarfed and vertical removal in 
Fig. 6 the stepped ply-by-ply damage removal shows the best 
results. This is because the scarf ratio between thickness of 
the parent material and the length of the repair area is more 
than 1:20. The risk of an adhesive failure is minimized by 
adhering to this condition. The connecting area of the soft-
patches to the parent material is enlarged, so that the load 
transmission is improved [1]. Furthermore, the repair could be 
done much more accurate by a stepped geometry. Every 
single repair ply (soft-patch) can be placed exactly into the 
stepped cavity. The precision of a scarf geometry repair is 
lower after the repair, so the residual mechanical properties of 
these samples could not reach an optimum. 
Fig. 6 Influence of geometry 
The reason for the low residual strength and stiffness of 
vertical material removal is due to the complete breakthrough 
and the repair-technique. Because there is no structural 
replacement to the parent structure, the initial mechanical 
properties of the laminate cannot be reached. 
4.3. Repair of CFRP – Surface pretreatment 
In order to enhance the bonding strength between the 
parent structure and the new repair material a surface 
pretreatment was advised. 
All samples were scarfed with the milling machine. After 
material removal a surface pretreatment with sandblasting or 
plasma took place. The pretreated samples were finally 
repaired with soft- and hard-patches in order to analyze the 
influence of surface pretreatment and repair technique on 
mechanical properties. 
Fig. 7 Influence of surface pretreatment 
Fig. 7 shows that some surface pretreatment can increase 
the strength. Nevertheless, the influence of sandblasting is 
minimal, but it does not affect the surface quality in a 
negative way. The minor effect of sandblasting is based on the 
limited surface roughness. Higher pressure or longer blasting 
time to increase roughness results in a fiber destruction, which 
leads to a decrease in strength and stiffness. For that reason an 
electrical pretreatment is more suited than a mechanical 
pretreatment. The chemical influence of the plasma prevails 
the mechanical influence of roughness. Functional groups, 
such as hydrocarbon, hydroxyl or carbonyl groups, provided 
by the plasma, increase the adhesive strength between the 
parent material, film adhesive and new prepreg material 
because of new covalent bonds [16], [17]. Both, the repair 
with soft-patches and hard-patches show the highest values of 
residual strength after plasma pretreatment. Mostly, a surface 
pretreatment and soft-patch repair causes the best results in 
residual strength. Nevertheless, the combination of plasma 
pretreatment and hard patches leads to the optimum. 
Obviously, this is due to the interaction of the epoxy film 
adhesive and reactive groups indicated by the plasma. Both 
the hard-patch and the parent structure were activated, so both 
sides can react with the film adhesive. Consequently, high 
bonding forces between parent structure and new material 
result in high residual strength [3], [18]. Considering the 
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residual stiffness the effects of surface pretreatment are 
negligible. However, surface pretreatment has positive 
influence on the residual strength. 
4.4. Repair of CFRP – Material composition 
The material composition depends on the demand for 
surface quality. If there is the need for a flush surface, scarf or 
stepped repair geometry with a ply-by-ply repair have to be 
applied. In all cases eight plies were removed in order to 
ensure constant conditions. After the material removal by 
milling three different material compositions were evaluated. 
A material composition with pure epoxy resin provides the 
worst results. Because there is no reinforcing effect in the 
resin, the residual strength and stiffness are very low. Resin 
repairs should only be applied at non-safety related parts with 
only a superficial damage.  
Better results are provided by the repair technique with 
soft- and hard-patches. Especially in combination with a 
stepped material removal of the damaged area the residual 
strength and stiffness is good (see Fig. 8). The material 
composition with hard-patches implicates constant 
mechanical values by both stepped and scarfed geometry. 
Hard-Patches are characterized by high quality and accuracy. 
Only the joining between the hard-patch and the parent 
structure has a limiting effect on strength and stiffness due to 
the film adhesive. The bonding of the soft-patches to the 
parent structure and the film adhesive is good, because there 
is a co-curing process of these components. As a result, a 
material composition by soft-patches provides the best results 
in residual mechanical properties. 
Fig. 8 Influence of material composition 
If there is no need for a flush surface, repair methods with 
doublers could be applied. Doublers implicate a simple 
application and are often used when there is a total 
breakthrough of composite material. All doubled samples 
considered in this paper were repaired without a new material 
composition but rather with one doubler below or two 
doublers below and above the breakthrough. The material 
removal was vertical (see Fig. 4) and there was no special 
surface pretreatment, expect light sanding by hand.  
Considering Fig. 9 there are quite low residual strengths 
using doubler repairs. Two different configurations have been 
tested in order to increase the residual strength. First, doublers 
with fiber orientation of the upper ply (in this case 40°) were 
applied. Both one and two doublers did not lead to acceptable 
values. Therefore, doublers with 0°-fiber orientation were 
used.  
A 0°-doubler below and another above the vertical 
breakthrough of the sample provides the best result. In 
comparison to the soft-patch and hard-patch repair technique 
the residual strength of doublers are insufficient. The residual 
stiffness performs much better than the residual strength. 
Again a 0°-doubler below and above the parent sample 
represents the optimum. 
Fig. 9 Influence of doubler 
In general the residual stiffness of the repaired samples is 
much better than the residual strength. By structural repairs a 
residual stiffness between 80% and 90% could be achieved. 
Considering the residual strength stepped and scarfed repairs 
in combination with a physical surface pretreatment show the 
best values. All experiments with residual mechanical 
properties below 50% are insufficient. Consequently, the 
repair techniques with resins and doublers are not for safety 
related parts. 
5.  Discussion 
Considering the influencing factors on residual strength 
and stiffness it is noticeable that differences between the soft- 
and the hard-patch technique are negligible. Especially in 
consideration of the deviations of strength and stiffness both 
repair techniques behave similarly.  
Furthermore, the influence of surface pretreatment has to 
be discussed. Generally a surface pretreatment leads to an 
increase of mechanical properties. The results of the 
experimental tests show that physical pretreatment by plasma 
is superior to mechanical preparation by sandblasting. But 
Figure 2 shows also a high residual strength of 70% by 
untreated samples. One possibility of the increased value of 
samples with mechanical material removal and no extra 
surface pretreatment could be a change of the milling head. 
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During the test series the milling head was worn out so it had 
to be replaced. The new milling head leads to a higher edge 
definition and accuracy. The low effect of sandblasting and 
the high roughness because of mechanical material removal is 
unexpected. Thus, the influence of roughness during material 
removal is higher than the influence of surface pretreatment. 
Only a surface pretreatment by plasma could increase the 
residual strength and stiffness additionally. The physical 
effect outweighs the mechanical effect. 
6.  Conclusion 
In this paper major factors influencing tensile strength and 
stiffness of repaired CFRP-samples were studied. Therefore, 
the art of material removal, geometry, surface pretreatment 
and different repair techniques were analyzed. Because of 
high accuracy and reproducibility, a mechanical material 
removal is preferred to manual removal. In combination with 
an additional surface pretreatment by plasma, excellent 
mechanical and chemical bonding between the parent 
structure and the new repair material could be generated. 
Generally, the effect of an additional surface pretreatment 
implicates an enormous effort for minimally increasing 
mechanical properties. After the material removal and the 
surface pretreatment the rebuild of the damaged area takes 
place. If there is only a superficial damage in a non-safety 
relevant part, filling the superficial damage with resin is 
possible. For safety relevant parts a structural repair with soft- 
or hard-patches must be performed. Another easily performed 
and cost efficient repair technique for non-safety relevant 
parts is the application of doublers, e.g. if there is a 
breakthrough.  
Several additional experiments, e.g. changing the step 
width during material removal or the number of doublers at 
the material composition, were tested.  
All repair techniques and their influencing factors 
mentioned in this paper were evaluated in a laboratory scale. 
Next, a transmission of the repair techniques to parts is 
necessary. For example the curing of the new repair material 
to the parent structure is quite complex. Solutions like heating 
pads are more and more common practice, so the repair 
techniques can be used for a broad range of applications. 
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